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[57] ABSTRACT

A temperature control signal (S;) responsive to a target
temperature is biquadrated (S1%) to produce a power
control signal. A power supply unit supplies electric
power to one or more radiant heat sources on the basis
of the power control signal, whereby an object such as,
for example, a wafer is heated by radiant energy from
the one or more radiant heat sources. The wafer tem-
perature 1s proportional to the biquadrative root of the
radiant energy in accordance with the well-known Ste-
fan-Boltzmann’s law, whereby the wafer temperature

correctly follows a predetermined time-dependent tar-
get temperature variation over time.

19 Claims, 20 Drawing Sheets
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1

METHOD AND APPARATUS FOR CONTROLLING
THE TEMPERATURE OF A RADIANTLY HEATED
OBJECT

BACKGROUND OF THE INVENTION

1. Field of the Invention

‘The present invention relates to a temperature con-
trol method and apparatus therefor, suitable for control-
ling the heating of an object such as a semiconductor
substrate (hereinafter referred to as “wafer’) in a heat-
ing furnace provided with radiant heat sources.

2. Description of the Prior Art |

In the process of manufacturing a semiconductor

device, heat treatment is applied to a wafer to achieve
several objects, such as uniformity of composition in ion
implanation layers, . stabilization of silicon films, and
formation of ohmic contacts. In such heat treatment, the
wafer must be rapidly and uniformly heated according
to a predetermined target temperature variation over
time. After the temperature of the wafer reaches a tar-
get heat treatment level, the wafer must be maintained
at that temperature.

Typically, a heating furnace provided with radiant
heat sources such as strong halogen lamps is employed
for such heat treatment of a wafer or the like. Feedback
control is provided, in which the temperature in the
heating furnace is detected and any deviation between
the detected temperature and a target temperature

value is calculated, whereby the amount of electric .

power supplied to the radiant heat sources is controlled
so as to decrease the deviation.

FIG. 1 1s a block diagram illustrating a conventional
prior art heat treatment apparatus employing such a
temperature control method. Referring to FIG. 1, a
wafer 1 to be heated is introduced into a heating furnace
3 provided on both sides of inner surfaces thereof with
a plurality of radiant heat sources 2, and the wafer 1 is
supported by a wafer supporting mechanism 4.

On the other hand, at a target temperature setter 10,
a trapezoidal target temperature change curve F(To),
as illustrated in FIG. 2, is previously set as a function of
time t. Referring to FIG. 2, the temperature is expressed
in a scale of absolute temperature [K}, and symbol T,
indicates the stationary treating temperature. A target
temperature signal Tg outputted from the target temper-
ature setter 10 in FIG. 1 in response to the target tem-
perature change curve F1(Tg) is supplied to a subtracter
11 with an actual temperature signal T, detected by a
temperature detector 5§ such as a thermocouple pro-
vided in the heating furnace 3. |

The subtracter 11 obtains deviation AT between Ty
and T, by the following expression (1), to output a devi-
ation signal AT to multipliers 13 to 15 in a PID control-
ler 12:

AT=To—-T, (1)

The multiplier 13 multiplies the deviation AT by a
constant K| to provide a deviation proportional signal
Sp. The multiplier 14 multiplies the deviation AT by a
constant K and the product thus obtained is integrated
with time in an integrator 16 of a subsequent stage,
thereby to provide a deviation integrated signal S;. The
multiplier 15 multiplies the deviation AT by a constant
K3 to differentiate the product by time in a differenti-
ator 17 of a subsequent stage, thereby to provide a devi-
ation differentiated signal Sp. These signals S,, Srand
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2

Sp are added up by an adder 18, to provide a tempera-
ture control signal St

The temperature control signal Sz is supplied to a
power supply unit 19 for supplying electric power P to
the radiant heat sources 2. The power supply unit 19 is
provided with a power controller 21 and a power
source 20. The temperature control signal Sris inputted
in the power controller 21, which controls the electric
power P supplied from the power source 20 to the
radiant heat sources 2 to be proportional to the tempera-
ture control signal S7. Thus, the temperature control
signal St itself functions as a power control signal in
such a conventional apparatus.

Thus, radiant energy from the radiant heat sources 2
1s mcreased or decreased in response to the deviation
AT, to control the temperature of the wafer 1 along the
target temperature change curve Fi(Ty).

In such a conventional temperature control method,
however, the temperature in the heating furnace 3 can-
not effectively respond to a drastic rise in the target
temperature. This problem is now described in further
detail with reference to FIG. 3.

In FIG. 3, the left half of FIG. 2 is shown enlarged,
to illustrate respective time change curves F»(T,) and
F3(P) of the actual temperature T, in the heating fur-
nace 3 and the supplied electric power P. As is obvious
from FIG. 3, when the target temperature Todrastically
rises, and the temperature in the heating furnace 3 must
be rapidly raised, for example, from a range of 200° C.
to 300° C. to more than 1000° C. in several seconds, a
considerable time is required until the actual tempera-
ture T, in the heating furnace 3 reaches the stationary
treating temperature T, and is stabilized at that level.
Thus, it is difficult to accurately perform a desired heat
treatment.

In order to solve the problem, the constants K, K
and K3 corresponding to feedback gains may be in-
creased. However, in this method, the actual tempera-
ture T, may overshoot or hunt around at time t; (FIG.
3) at which the temperature control process advances
from a temperature increasing step to a temperature
maintaining step. Thus, the aforementioned problems
cannot be adequately solved by such a method.

Futhermore, in the conventional method, tempera-
ture control is performed on the premise that substan-
tially all of the electric power P supplied to the radiant
heat sources 2 is converted into radiant heat. Such a
premise 1S not true as hereinafter described, and leads to
errors in exercising temperature control of the wafer in
the temperature increasing step.

The aforementioned problems are not restricted only
to heat treatment of wafers, but are often encountered in
controllably heating arbitrary objects by radiant heat
sources.

SUMMARY OF THE INVENTION

The present invention is directed to a temperature
control method for supplying electric power from
power supply means to radiant heater means to heat an
object by radiant energy provided by the radiant heater
means, thereby to control the temperature of an object
to follow a prescribed target temperature value over a
specific period.

The temperature control method according to the
present invention comprises the steps of: obtaining a
relationship between electric power supplied to radiant
heater means and the temperature of an object on the
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basis of a correlation between the amount of radiant
heat supplied and the temperature of the heated object;
generating a temperature control signal responsive to a
target temperature; converting the temperature control
signal into a power control signal for controlling elec-
tric power supplied to the radiant heater means in ac-
cordance with a conversion rule determined in response
to the said relation; and supplying said electric power
from power supply means to the radiant heater means
on the basis of a power supply signal thereby to control
heating of the object by radiant energy from the radiant
heater means.

According to a preferred embodiment of the present
invention, the conversion rule is determined on the basis
of Stefan-Boltzmann’s law with respect to the relation-
ship between temperature and radiant energy. The con-
version may include a process of raising the tempera-
ture control signal S to a mathematical power other
than 1, e.g., S, where N=41.

Such a mathematical power operation is preferably
performed after a prescribed first constant is added to
the temperature control signal, and the power control
signal is obtained by subtracting a prescribed second
constant from the result of the mathematical power
operation.

A temperature control method for supplying electric
power to control the temperature of a radiantly heated
body according to a prescribed target temperature vari-
ation over time according to an aspect of the present
invention comprises the steps of: obtaining a relation-
ship between electric power supplied to a radiant heater
means and the temperature of an object heated thereby;
generating a temperature control signal responsive to
said prescribed target temperature; converting said tem-
perature control signal into a power control signal for
controlling electric power; and supplying the electric
power to a radiant means on the basis of the power
control signal.

According to this embodiment, a heating error
caused by the thermal capacity of the radiant heater
means itself is effectively prevented.

The present invention is also directed to a tempera-
ture control apparatus for heating an object by control-
ling the temperature of the object to follow a prescribed
target temperature level over time. The temperature
control apparatus according to the present invention
comprises: (a) a temperature control signal generator
means for generating a temperature control signal re-
sponsive to a target temperature, (b) radiant heater
means for heating the object by radiant energy, (c)
power supply means for supplying electric power to the
radiant heater means itself, (d) signal conversion means
for converting the temperature control signal to a
power control signal for controlling electric power to
be supplied to the radiant heater means in accordance
with a conversion rule previously obtained in response
to a relation between the electric power supplied to the
radiant heater means and the temperature of the object,
and (e) transmission means for transmitting the power
control signal to the power supply means.

In the prior art, the temperature control signal ob-
tained by performing the PID processing on the tem-
perature deviation AT is directly inputted to the power
supply means as the power control signal without con-
sideration of the relationship between the temperature
of the object and the supplied electric power P in detail,
as hereinabove described. Furthermore, the power sup-
ply means supplies electric power proportional to the
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4

temperature control signal to the radiant heat sources,
i.e., radiant heater means. However, since the tempera-
ture of an object in a thermal equalibrium state gener-
ally is not proportional to the supplied power, the tem-
perature of the object such as a wafer 1s not propor-
tional to the temperature control signal in the prior art,
leading to the aforementioned problems.

According to the present invention, the relationship
between the supplied electric power and the actual
temperature 6 of the object, which is expressed by the
following expression (2), is previously obtained as a
functional expression or numerical data on the basis of
correlations between radiant energy I from radiant heat
sources and the temperature 6 of the object in a thermal
equibrium state or thermal non-equibrium state:

P=£6) (2)

The temperature control signal is converted into the
power control signal on the basis of the aforementioned
relation, thereby to perform temperature control. How-

ever, it is dispensable to directly detect the temperature
0 of the object itself. When, for example, a closed heat-

ing furnace or the like is employed, the object tempera-

ture may be indirectly or approximately obtained from
the furnace temperature or the like.

Accordingly, an object of the present invention 1s to
provide a temperature control method and an apparatus
therefor which can make the temperature of an object
responsive to change in target temperature value, accu-
rately and at a high speed.

These and other objects, features, aspects and advan-
tages of the present invention will become more appar-
ent from the following detailed description of the pres-
ent invention when taken in conjunction with the ac-
companying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating an example of
prior art apparatus for heat treatment of a wafer em-
ploying a conventional temperature control method;

FIG. 2 is a graph showing an example of a target
temperature vs. time curve according to the prior art;

FIG. 3 is a graph showing characteristics of the prior
art conventional apparatus shown in FIG. 1;

FIG. 4 is a conceptual view of the interior of a heat-
ing furnace 3;

FIG. 5 is a perspective view of a wafer;

FIG. 6 is a block diagram of a heat treatment appara-
tus for a wafer according to a first preferred embodi-
ment of the present invention;

FIGS. 7A to 7C are explanatory diagrams illustrating
correction by constants a and 8 according to the prior
art;

FIG. 8 is a block diagram of the internal structure of
a radiant heat correcting circuit;

FIG. 9 is a block diagram of a heat treatment appara-
tus according to a second emobodiment of the present
invention;

FI1G. 10 is a block diagram of a heat treatment appa-
ratus according to a third embodiment of the present
Invention;

FIGS. 11A and 12A are graphs of experimental data
relating to the first embodiment of the present inven-
tion;

FIGS. 11B and 12B are graphs of experimental data
relating to the second embodiment of the present inven-
tion;
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FIG. 13 1s a block diagram of a heat treatment appa-
ratus according to a fourth embodiment of the present
invention;

FIGS. 14A and 14B are graphs of experimental data
relating to the fourth embodiment of the present inven-
tion:

FIG. 15 is a block diagram of a modification of the
fourth embodiment;

FIG. 16 is a block diagram of a heat treatment appa-
ratus according to a fifth embodiment of the present
invention;

FIG. 17 is a block diagram of a modification of the
fifth embodiment;

FIG. 18 1s a block diagram of a heat treatment appa-
ratus according to a sixth embodiment of the present
invention; |

FIG. 19 is a block diagram of a modification of the
sixth embodiment;

FIG. 20 is a block diagram of a heat treatment appa-
ratus according to a seventh embodiment of the present
invention;

FIGS. 21A and 21B are graphs of experimental data
relating to the seventh embodiment;

FIG. 22 1s a block diagram of a heat treatment appa-

ratus according to an eighth embodiment of the present
Invention;

FIG. 23 is a block diaram of a modification of the
eighth embodiment;

FIG. 24 is a partial block diagram of an apparatus
implemented by generalizing the eighth embodiment;

FIGS. 25A to 25F are graphs of waveforms relating
to the eighth embodiment;
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FIG. 26 1s a graph of experimental data relating to the

eighth embodiment;

FIG. 27 1s a graph of experimental data relaing to a
prior art conventional apparatus;

FIG. 28 is a partial block diagram of a heat treatment
apparatus according to a ninth embodiment of the pres-
ent invention; and |

FIGS. 29A to 29D are graphs of waveforms relating
to the ninth embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A. Principle of the Preffered Embodiments

Before detailed structure and operation of preferred
embodiments are described, a control principle of the
preferred embodiments is now described by employing
a heat treatment of a wafer as an example. For this
purpose, the expression (2) is now developed into a
practical form.

FIG. 4 conceptually illustrates the internal structure
of the heating furnace 3, as hereinabove described with
reference to FIG. 1. Referring to FIG. 4, symbol I
indicates the irradiation strength of radiant energy from
the radiant heat sources 2 from both sides, to the wafer
1 per unit area, and the symbol 8 [K] indicates the abso-
lute temperature (in °’K.) of the wafer 1. Other symbols

related to wafer 1 are defined as follows, as shown in
FIG. 5:

S ... Area of upper or lower surface

d ... Thickness |

C ... Specific heat

p ... Density

€ . . . Emissivity

I... Total radiant energy, arriving from both sides of

the irradiated object, per unit area thereof
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It is assumed that all of the radiant energy I irradiated
on the wafer 1 is absorbed by wafer 1. Thus, the total
quantity of heat supplied from the radiant heat sources
2 to wafer 1 within a small time At is (eSIAt), from both
sides together. On the other hand, the quantity of heat
dissipated from the wafer 1 during this time is (2eSUAt)
assuming that symbol U represents radiant energy per
unit area of a black body of the temperature € [K].

Therefore, the wafer 1 stores a quantity AQ of heat,
which 1s the difference between the supplied energy and
dissipated energy:

AQ=eS(I—2U)At (3)
If the temperature of the wafer 1 is increased by A8,
by acquisition of the heat quantity AQ, the following

expression (4) is obtained since the thermal capacity of
the wafer 1 1s (p cdS);

(pcdS)A8 =eSUI—2U)A¢ (4)
Therefore, in the limit, as t—0, the following expres-
sion (5) is obtained in differential form:

49 ®)
dt

] = ——

. + 2U

However, the radiant energy U of the black body is
proportional to the fourth power of the absolute tem-
perature € thereof, by the well-known Stefan-Bolt-
zmann’s law:

U=c6% (6)
where symbol o represents a constant, which is given
through Boltzmann’s constant kg, the velocity of light
c; and Planck’s constant h, as follows:

o=2mkg*/15¢2h> (N

Assuming that y represents the ratio of radiant en-
ergy intensity I to supplied electric power P at the
radiant heat sources 2, 1.e., the radiant efficiency, the
following equation (8) is obtained

[=yP (8)

Therefore, the following expression (9) is obtained by
usinng the expressions (5), (6) and (8):

pcd (%)

YE

dp 20

y — e

4
dt Y 0

This expression (9) corresponds to the expression (2)
in this embodiment.

According to the expression (9), the radiant heat
sources 2 must be supplied with electric power P ob-
tained by setting 6 =Ty in the right side of expression, in
order to coincide the temperature @ of the wafer 1 with
the target temperature Tg. Therefore, a control circuit

- in this embodiment is also designed in accordance with
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expression (9).

The expression (9) is actually an approximation. More
correctly, an additive term g may be included as shown
in the following expression (10):
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(10)

Such a term g allows, for example, for the thermal
capacity of the filaments (resistors) of the radiant heat
sources 2 themselves and for outward heat dissipation
from the heating furnace. A control including the addi-
tive term g is described hereinafter.

B. First Embodiment

FIG. 6 is a block diagram showing a heat treatment
apparatus for a wafer employing a temperature control
method according to a preferred embodiment of the
present invention. This embodiment is formed as a con-
trol apparatus including a feedforward control system
FF; and a feedback control system FBi Referring to
FIG. 6, the target temperature change curve as shown
in FIG. 2 is previously set at a target temperature setter
10, similarly to the conventional type shown in FIG. 1.
A target temperature signal To from the target tempera-
ture setter 10 is inputted to a subtracter 31 with an
actual temperature signal T, from a temperature detec-
tor 5 provided on the surface of a wafer 1 in a heating
furnace 3. The subtracter 31 calculates according to the
following expression (11) and outputs a deviation signal
T for feedback control:

AT=Ty—T, (11)

This procedure is similar to that of the conventional
apparatus.

The deviation signal AT thus obtained is inputted to
multipliers 32, 33 and 34, to be multiplied by Kp, Krand
K4, respectively. The output from the multiplier 32
corresponds to a proportional control signal in PID
control. The output from the multiplier 33 1s integrated
in an integrator 35 to form an integral control signal.
These signals are added by an adder 36.

On the other hand, the multiplication by K, 1n the
multiplier 34 corresponds to multiplication of a gain in
a multiplier 15 in the prior art apparatus shown in FIG.
1 prior to obtaining a differential control output Sp. The
output from the multiplier 34 is supplied to the feedfor-
ward control system FF; without being added in the
adder 36 as in the conventional case. This is because the
time differentiation of the temperature (d8/dt) is pres-
ent in the expression (9) for the supplied power P as a
term independent of the term 64, and hence it is prefera-
ble to handle (dTp/dt) corresponding thereto in a sepa-
rate manner.

The target temperature signal To from the target
temperature setter 10 is also supplied to multipliers 37
and 38 in the feedforward control system FFi. The
multiplier 38 multiplies the target temperature signal T
by a gain J,. A signal thus obtained is supplied to an
adder 39 to be added up with feedback output Sgfrom
the feedback control system FBi. Thus, the output S
from the adder 39 is a signal obtained by correcting the
target temperature signal Toas the basis for feedforward
control by the feedback signal Sg responsive to the
temperature deviation AT.

A predetermined constant a supplied from a constant
setter 41 is added to the signal Si, and the result of this
addition is biquadrated (1.e., raised to the fourth power)
by a biquadrator 40. Then a constant 3, from another
constant setter 42, is subtracted from the biquadrated
signal to produce a signal S;, which is supplied to an

d

10

15

20

29

30

35

45

50

55

60

65

8

adder 44. The meaning of these constants a and £ is
described hereinafter.

The multiplier 37 multiplies the target temperature
signal To by a factor J4. Then a signal (K4AT), from the
multiplier 34 in the feedback control system FBj, is
added to the multiplied signal (JzTo). The signal thus
obtained is time-differentiated by a differentiator 43.
This differential signal S3is added to the output S; from
the biquadrator 40 in an adder 44, to produce a signal
S4 which is transmitted to a power supply unit 60
through a circuit described in the following.

One feature of the temperature control apparatus
according to the present invention resides in the afore-
mentioned biquadrative operation. Specifically, the
temperature control signal S, obtained on the basis of
the target temperature To, is converted into a more
competent control signal Sp in consideration of the
correspondence between the electric power P supplied
to the radiant heat sources and the actual temperature
T, of the heated object, 1.e., the water 1.

As described, the signals S; and S3 are added to pro-
duce the signal S4, which is supplied to the power sup-
ply unit 60. Within the said signals, the signal S; is ob-
tained by applying a deviation correction AT and a
biquadrative correction to the target temperature To.
The signal S3 is obtained by applying a deviation cor-
rection and differentiation processing to the target tem-
perature To. Therefore, the aforementioned structure
implements a circuit for supplying electric power P in
accordance with expression (9). Thus, the temperature
control signal Sj is converted into the control signal Sg
to obtain a power control signal as hereinafter de-
scribed, so that the actual temperature T, of the heated
object, e.g., wafer 1, correctly follows the target tem-
perature Tg over time.

The meaning of the constants o and 8 is now clari-
fied. The target temperature T outputted from the
temperature setter 10 is provided as the absolute tem-
perature, which can be set at any level within a range
To=0[K]. As described, the biquadrative processing In
the biquadrator 40 is performed on the basis of the Ste-
fan-Boltzmann’s law, which also holds for temperatures
from O[K] on. Thus, the biquadrative processing 1s suit-
able for carrying out the wafer heating process from an
initial state in which the temperature in the heating
furnace 3 is, in theory, O[K]. Therefore, when the bi-
quadrative processing is performed on the target tem-
perature Ty, to directly supply the signal to the power
supply unit 60, the electric power is supplied to the
radiant heat sources 2 on the assumption that the tem-
perature in the heating furnace 3 is initially O[K].

In heat treatment of a wafer, however, the furnace
temperature in general is retained at about 100° C. to
400° C. (hereinafter referred to as T,) from the initial
stage. Therefore, it is not necessary to heat the furnace
to raise its temperature from O[K] to T,[K], but the
supply of electric power is required substantially to
increase the furnace temperature to a value exceeding
Th.

In this embodiment, therefore, not only is the relation

between the target temperature To and the supplied

electric power P corrected by the biquadrative process-
ing in accordance with the Stefan-Boltzmann’s law, but
the origin of the biquadrative processing is shifted, in
the biquadrator 40, in order to cope with the aforemen-
tioned condition. In other words, the signal obtained by
adding the constant a to the output from the adder 39 1s
biquadrated and then the constant 3 is subtracted from
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the biquadrated signal to output the resulting signal.
The constants @ and B are previously set in constant
setters 41 and 42, respectively.

When no addition and subtraction of these constants
a and B are performed, the relation between the input
St and the output S; is as follows:

Sy=(S1)* (12)
On the other hand, when addition and subtraction of a
and B are performed, the relation is:

S2=(S1+a)*-B (13)
Thus, the origin of the biquadrative processing is
shifted to (o, B) by the aforementioned addition and
subtraction. Therefore, the constants a and £ are appro-
priately set to enable correction for the fact that the
initial temperature in the heat treatment is not O[K].

FIGS. 7A to 7C facilitate an understanding of such a
situation. FIG. 7A corresponds to the conventional
temperature control method, and the temperature T, of
the wafer 1 is proportional to the fourth root of a tem-
perature control signal St (e.g., the signal S). FI1G. 7B
corresponds to the case of performing only a biquadra-
tive correction, and the temperature T, 1s proportional
to the temperature control signal S7. FIG. 7C shows the
case of performing the biquadrative correction and the
correction obtained through the constants a and 8, and,
with respect to a variable (S7, T,)=(r—a, T,—8")
having its origin O’ at (S7, T,)=(c, 8'), the characteris-
tic is in the form of a straight line starting from the
origin O’. The constant 8’ represents a variation in the
wafer temperature T, caused by subtracting the con-
stant from the control signal Sg.

As is obvious from FIG. 7C, the wafer temperature
T, rises from the level 8’ upon rise of the temperature
control signal from the level a by a correction through
a and S. |

For example, the value of the room temperature in
absolute units [K] is employed as the constant «, and the
value of the power control signal S; required for pro-
viding the value is employed as the constant 8. A con-
trol circuit so implemented is suitable for an actual
temperature control range. Another example is herein-
atter described with respect to such a correction using a
and S.

The power control signal S4thus obtained is stored in
a data memory 46 in FIG. 6 as well as being supplied to
a radiant heat correction circuit 50 through a switch 45.
The radiant heat correction circuit 50 is adapted to
correct the electric power P supplied to the radiant heat
source 2 upon a change in the target temperature Ty, in
consideration of the electric power required for heating
the radiators (resistors) in the radiant heat sources 2
themselves, and details thereof are shown in FIG. 8.
The radiant heat correction circuit 50 and a power
supply unit 60 comprises pluralities of respective inter-
nal circuits in correspondence to a plurality of unit
radiant heat sources 2q, . . ., 2n forming the radiant heat
sources 2. This 1s because the unit radiant heat sources
actually facing the wafer 1 in the heating furnace 3 are
different from the others in the thermal influence they
have on the heated wafer 1.

Referring to FIG. 8, description is now provided of a
k-th unit correction circuit S0k within n unit correction
circuits S0q, . . ., 50n included in the radiant heat cor-
rection circuits 50. Assuming that the resistor of the unit
radiant heat source 2k corresponding to the unit correc-
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tion circuit 50« has a thermal capacity Cyand a temper-
ature 0, the electric power required to change the tem-
perature of that resistor is proportional to:

Cad6/dt (14)

The respnsiveness of the resistor is further improved
when the following electric power P’z, obtained by
adding the amount of expression (14) to electric power
P; assigned to the unit radiant heat source 2k from the
electric power P of the expression (9), is supplied to the
unit radiant heat source 2k:

P =P+ L;CAd8/di) (15)
where L represents a constant.
This corresponds to an example of the additive term
g in the expression (19). The constant L in the expres-
sion (15) is is different for each unit radiant heat source
depending on that relationship of that heat source to the
wafer 1 and the geometry of the heating furnace 3.
As hereinabove described, the energy radiated from
the object of the temperature 0 is provided by the Ste-
fan-Boltzmann’s law, ie., expression (6). Therefore,
assuming that the radiant energy is proportional to the
electric power P, an expression corresponding to the
expression (6) is solved such that the second term in the
right side of expression (15) i1s proportional to the fol-
lowing value:
VP (16
Therefore, assuming that Zi and Qg are coefficients
experimentally determined as optimum values, it is pre-
ferred to calculate the value Si defined by the expres-
sion (17) and to employ a corrected power control

signal Ay defined by the expression (18) for controlling
electric power supplied to the radiant heat sources 2.

Sk=S4(Zr/<Z>) (17

Ak=Sk+Qd (18)
Where the coefficient Zx represents power distribution
in percentage units. The symbol <Z> represents the
average value of Z; to Z,, and 1t 1s employed for nor-
malization.

The unit correction circuit 50k as shown in FIG. 8 is
structured in accordance with the above-discussed prin-
ciple, and the input S4is multiplied by Z in a multiplier
51k and is then multiplied by 1/<Z> in a multiplier
S2k. The output Si is supplied to a biquadrate root
calculator 53k to produce a biquadrate root signal V'Sy,
which is time-differentiated by a differentiator 54k. The
differentiated signal is multiplied by a coefficient Qg in
a multiplier 55k. The value thus obtained is added to the
output from the multiplier 52k, to produce the cor-
rected power control signal Az The corrected power
control signal Ay is transmitted to a power controller
61k provided in the power supply unit 60, shown in
FIG. 6. This also applies to the other unit correction
circuits 50q, . . ., S0n, shown in FIG. 8.

Thus, the power controllers 61a, . . . , 61n supply
separate electric power flows P, ..., P, from an elec-
tric power source 62 to the individual unit radiant heat
sources 2q, . . ., 2n, In response to the corrected power
control signals A, . .. A, respectively. The unit radiant
heat sources 2a, . . ., 2n generate radiant heat on the
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basis of the respective electric power flows Pg, ... P, to
them, thereby to controllably heat the wafer 1. It is to

be noted that P+ ... +Pp,=P.
According to this embodiment, the wafer 1 is pro-

vided on its surface with the temperature detector 5 of 5

a contact type, and hence it is not preferable to perform
heat treatment on the wafer 1 for a product while driv-
ing the aforementioned control loop. In this embodi-
ment, therefore, a dummy wafer is employed as the
wafer 1 with provision of the aforementioned tempera-
ture detector 5, to experimentarily perform the desired

10

heat treatment thereby to determine optimum values of

various constants. At the same time, the optimum values
of control signals S4 are stored in the data memory 46.

In order to perform heat treatment on a product
wafer provided with no temperature detector 5, the
switch 45 is connected to the data memory 46 and con-
trol signals S4 from the data memory 46 are read out.
The signals S4 are transmitted to the corresponding
power controllers 6la to 614, thereby to perform the
desired temperature control in heat treatment of the
product wafer.

However, no such problem is caused when a non-
contact type temperature detector is provided in the
vicinity of the wafer, and hence the control loop can be
driven thereby in heat treatment of the product wafer in

this case.

C. Second Embodiment

FIG. 9 is a block diagram showing a second embodi-
ment of the present invention. The second embodiment
is different from the first embodiment in the following
respects: A target temperature J,To, multiplied by a
constant J, in a multiplier 38 in a feedforward control

system FFj, is biquadrated by a biquadrator 40, to be
added with a PID feedback signal Sg from a feedback
control system FB;. In other words, assuming that x
generally represents a feedforward control signal and y
represents a feedback signal, the first embodiment per-
forms arithmetic in the form of (x+ y)4 while the second
embodiment performs arithmetic in the form of (x4+-y),
to produce different control signals. Since the control
system is improved in responsiveness according to the
present invention, the factor x is more important than y.
Therefore, the difference between (x+y)*and (x*+y) is
relatively small. Thus, a desired effect can be obtained
also in the second embodiment too.

In the second embodiment, the output of a differential
control part (multiplier 34) in a PID control system 1s
not supplied to the feedforward control system FEF; as
in the first embodiment, but is, instead, differentiated by
a differentiator 71 to be added with proportional and
integral control outputs in an adder 72 provided in the
feedback control system FB>. In the feedforward con-
trol system FF», the output from a multiplier 37 is di-
rectly time-differentiated by a differentiator 43. How-
ever, all of the signals are finally added together. Thus,
as obvious from comparison with FIG. 6, merely addi-
tion and differentiation are replaced in order in the
aforementioned part, and the second embodiment is not
substantially different from the first embodiment with
respect to this modification.

D. Third Embodiment

FIG. 10 illustrates a third embodiment, which is simi-
lar in structure to the second embodiment in that the
output from a differential control part (multiplier 34 and
differentiator 71) of a PID control system 1s summed
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with proportional and integral control outputs in an
adder 72 of a feedback control circuit FB3. However,
the third embodiment is commonly structured like the
first embodiment in that biquadrative processing in a
biquadrator 40 is performed on the total output from a
multiplier 38 in a feedforward control system FF3 and
control output Sg from the feedback control system
FBa.

Therefore, the third embodiment is an eclectic struc-
ture containing elements of the first and second embodi-
ments. The second and third embodiments are advanta-
geous in that a conventional PID control units can be

employed.

E. Data Example

FIGS. 11A and 11B are graphs showing experimental
data of temperatures and electric power with respect to
the first and second embodiments, respectively. As is
obvious from a comparison of these with FIG. 3 show-
ing those of the conventional apparatus, the tempera-
ture curves F(T,) of the heated objects accurately
follow target temperature change curves F1(Tg) with a
high-speed response in these embodiments. Particularly
in FIG. 11A showing the first embodiment, the object
temperature curve F(T,) follows the target tempera-
ture Tosubstantially with no error. Further, no hunting
is observed in the time t|; needed to reach the stationary
processing temperature T, while substantially no tem-
perature fluctuation is observed after t;.

FIGS. 12A and 12B are actual graphs with respect to
the first and second embodiments with target tempera-
ture change curves F1(To) being changed in a two-stage
manner. Control exactness in the present invention can
also be understood from FIGS. 12A and 12B.

The relationship between the supplied electric power
P and the object temperature T,is obtained by directly
employing the Stefan-Boltzmann’s law 1n the aforemen-
tioned embodiments, while such relationships can be
varied with specific situations. Partly, it originates in
the fact that the Stefan-Boltzmann’s law express a rela-
tionship between temperature and total radiant energy.
In other words, absorption and radiation only in a spe-
cific wavelength band may be taken into consideration
depending on the absorption spectrum distribution of
the object. In such a case, the signal conversion rule can
be modified in consideration of Planck’s radiation law
for obtaining radiant energy for a specific wavelength,
thereby to obtain higher controllability.

Other modification factors, for example, are the influ-
ence of the ambient atmosphere in the heating furnace
and outward heat dissipation from the heating furnace.
The present invention is applicable not only to tempera-
ture control of an object in a closed heating furnace but
also to heating of an object in an outwardly opening
place, and modifications can be applied in consideration
of these factors in such a case.

The input values A;to A, and the output power P, to
P, of the power controllers 61a to 61n are in propor-
tional relation (linear characteristic) with each other in
the aforementioned embodiments. In the structure of
the power supply unit, however, the relation between
the power control value A and the supplied electric
power P may be in such that the electric power P is
M-th power (M: integer) of the power conirol value A.
In this case, therefore, a multiply by N circuit, which
transforms its input S to S%, is employed in place of the
biquadrator, where N represents an integer satisfying
NXM=4,
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Alternatively, the biquadrative processing may not
be performed by the biquadrator, but by the use of a
memory of a look-up table system previously provided
with conversion data. Also, the apparatus may perform
power processing other than the biquadrative one as
well as polynominal conversion processing, depending
on the object to be controlled.

F. Fourth Embodiment

FIG. 13 is a block diagram showing a fourth embodi-
ment of the present invention. The fourth through sev-
enth embodiments, as hereinafter described, comprise
simpler structures than do the first to third embodi-
ments. In other words, the present invention, in the
fourth through seventh embodiments, is applied to con-
trol apparatuses performing only feedback control
without performing feedforward control.

In a control apparatus as illustrated schematically in
FIG. 13, a temperature control signal generator 100 is
provided to perform feedback control. A subtracter 111
in the temperature control signal generator 100 obtains
a deviation AT between a target temperature Tp and an
actual temperature T,. The deviation T is outputted to
arithmetic circuits 112, 113 and 114. The arithmetic
circuit 112 performs multiplication similar to that of the
multiplier 32 as shown in FIG. 9. The arithmetic circuit
113 has a function combining those of the multiplier 33
and the integrator 35 as shown 1n FIG. 9. The arithme-
tic circuit 114 has a function combining those of the
multiplier 34 and the differentiator 71 as shown in FIG.
9. The signals from the arithmetic circuits 112 to 114 are
added up in an adder 115, to produce a temperature

control signal St

The temperature control signal S7is biquadrated by a

biquadrator 40 to produce a power control signal A,
which is supplied to a power supply unit 116. Thus, the
radiant heat correction circuit 50 provided in the first to
third embodiments is omitted in the fourth embodiment.

Although the power supply unit 116 corresponds to
the power supply unit 60 shown in FIG. 9, it is different
in structure from the power supply unit 60 in that it
supplies common electric power Pgs flow to a plurality
of radiant heat sources. This is because the control ap-
paratus in this embodiment has no independent control
functions for the plurality of radiant heat sources 2 since
 the radiant heat correction circuit 50 is omitted. How-
ever, even 1if the radiant heat correction circuit 50 is
omitted, the apparatus as shown in FIG. 13 is superior
in control function to the conventional apparatus.

As shown in FIGS. 14A and 14B, the temperature
change curve in the apparatus shown in FIG. 13 pres-
ents higher responsiveness in comparison with that
shown in FIG. 3, 1.e., with respect to the conventional
apparatus. The apparatus as shown in FIG. 13 is differ-
ent from the feedback control system FB; as shown in
FI1G. 6, 1n that a subtractor 111 is provided in the exte-
rior of the temperature control signal generator 100
while the biquadrator 40 is shown in the exterior of the
temperature control signal generator 100. However,
such differences are not substantive but are related to
convenience of iilustration.

FIG. 135 illustrates a modification of the fourth em-
bodiment. In the apparatus as shown in FIG. 15, a tem-
perature control signal St from a temperature control
signal generator 100 has no differential control compo-
nent. Such modification can be achieved by employing
a circuit capable of separating differential components
from the temperature control signal generator 100. In
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other words, the temperature control signal generator
100 employed in the fourth embodiment (FIG. 13) 1s
adapted to output proportional, differential and integral
components in total, whereby the differential compo-
nent, which is not required to be biquadrated, is also
biquadrated. On the other hand, the apparatus shown in
FIG. 15 employs the temperature control signal genera-
tor 100 capable of separating the differential compo-
nent, whereby the differential component can be sepa-
rated and eliminated.

G. Fifth Embodiment

FIG. 16 1s a block diagram showing a fifth embodi-
ment, in which output from an arithmetic circuit 114 is
supplied to an adder 117 provided in a subsequent stage
of a biquadrator 40. Differential control output from the
arithmetic circuit 114 is added to the output of the bi-
quadrator 40, to produce a power control signal A. The
fifth embodiment is similar in structure to the first em-
bodiment as shown in FIG. 6, in that no biquadrative
processing is performed on the differential control out-
put. Therefore, the fifth embodiment can perform con-
trol in fidelity to the expression (9) on condition that
only feedback control is performed.

It 1s to be noted that this embodiment may be modi-
fied as shown in FIG. 17, in which both of addition of
a differential control component in a temperature signal
generator 100 and an addition of the differential control
component to the output of a biquadrator 40 are pro-

vided.

H. Sixth Embodiment

FIG. 18 illustrates a sixth embodiment of the present
invention. As obvious from comparison of FIG. 18 with
FIG. 14, the sixth embodiment is provided with con-
stant setters 41 and 42. A constant a set in the first
constant setter 41 is added to output of a temperature
control signal generator 100 in an adder 118, so that the
result of the addition is supplied to a biquadrator 40.
The output from the biquadrator 40 i1s supplied to a
subtracter 119, which in turn calculates the difference
between the input from the biquadrator 40 and a con-
stant B from the constant setter 42.

Therefore, the sixth embodiment executes the correc-
tion by the constants a and B as hereinabove described
with reference to the first embodiment, in an apparatus
performing feedback control. In the sixth embodiment,
the constants a and 8 are determined 1in a more strict
manner, as follows: with respect to a furnace wall tem-
perature T, of a heating furnace 3, the following expres-
sion (19) is obtained as a more rigorous expression than
the expression (5):

df

€ dt

ped

. (19

+2U + 2Uq

where Up corresponds to radiant energy from a single

- susrface of the furnace wall, and is expressed as follows:
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Uo=T,* (20)

Therefore, assuming that the value of the constant 8
1s 2Ug, a compensation corresponding to the third term
in the right side of the expression (19) is performed. The
value of a is determined to be an integral value obtained
by assuming that an arithmetic unit 113 as shown in
FIG. 18 integrates deviation T within a temperature
range of 0[K] to T,[K]. The apparatus as shown in FIG.
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18 has higher responsiveness to heating from the tem-
perature T, by employment of the constants o and 3
thus determined.

- Control similar to that of the apparatus as shown in
FIG. 18 can also be performed in employing a tempera-
ture control signal generator 100 having a differential
component separating function as shown in FIG. 19.

I. Seventh Embodiment

FIG. 20 illustrates a seventh embodiment of the pres-
ent invention. As obvious from FIG. 20, differential
output from an arithmetic circuit 114 included 1n a tem-
perature control signal generator 100 1s added to a tem-
perature control signal after biquadrative correction
and correction through a and 8 in an adder 120. Thus,
the seventh embodiment performs feedback control in
highest fidelity to the expression (19). The seventh em-
bodiment is similar to the first embodiment shown In
FIG. 6 in that the differential component is not biquad-
rated.

FIGS. 21A and 21B are graphs showing examples of
the measured temperature response of the seventh em-
bodiment. As is obvious from these graphs, the tempera-
ture response applying the present invention to a con-
trol system formed by only a feedback control circuit
shows improvement in comparison with that of the

conventional apparatus.

J. Eighth Embodiment

FI1G. 22 is a block diagram illustrating an eighth em-
bodiment of the present invention. The eighth embodi-
ment is provided with a circuit for introducing a com-
ponent for changing the temperatures of radiant heat
sources 2 themselves into a power control signal. Val-
ues of a target temperature Tpand an actual temperature
T, of a wafer 1 are inputted to a power control signal
generator 130, which generates a first power control
signal A1 on the basis of these values. The power con-
trol signal generator 130 may be formed as a circuit
including, for exampie, the temperature control signal
generator 100 (as shown in FIG. 13) and a multiply by
N circuit, i.e., a circuit for calculating SV given S as an
input (not shown), where N is an integer, which is typi-
cally equal to four.

The first power control signal Aj thus obtained 1s
supplied to an N-th root calculator 131 as shown in
FIG. 22. The N-th root calculator 131 1s adapted to
obtain the N-th root of the inputted signal A{. An N-th
root signal Aj thus obtained is supplied to a differenti-
ator 132 to be time-differentiated, therein, thereby to
produce a second power control signal A3. The first and
second power control signals A and A3 are added up
by an adder 133, to produce a third power control sig-
nal A4 which is outputted to a power supply unit 116. If
N =4, therefore, the N-th root calculator 131 has a
function similar to that of the biquadrate root calculator
53k shown in FIG. 8. The differentiator 132 corre-
sponds to the differentiator 54X shown in FIG. 8.

The reason why these circuits implement a tempera-
ture control apparatus that takes into consideration the
heat quantity required for heating the radiant heat
sources 2 themselves has already been described in
connection with the first embodiment. Namely, the
N-th root calculator 131 and the differentiator 132
(shown in FIG. 22) supply electric power correspond-
ing to the expression (14) to the radiant heat sources 2,
to provide the additional quantity of heat required for
heating the radiant heat sources 2 themselves. Thus, the
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wafer 1 is effectively prevented from undesired influ-
ence in heating on account of the thermal capacity of
the radiant heat sources 2. |

Although the value of N most preferably is N==4 in
accordance with the Stefan-Boltzmann’s law, another
prescribed number such as N=2 or N=23 may be em-
ployed as the value N. Namely, non-linear transforma-
tion of the control signal can be employed. As shown 1n
FIG. 23, further, temperature control circuits 134, . . .
, 134n may be individually provided for a plurality of
unit radiant heat sources 2q, . . ., 2n. For example, the
temperature control circuit 134a is provided with a
multiplier 130a, an N-th root calculator 131¢, a differen-
tiator 132a and a power supply unit 116a. The multiplier
130a has a coefficient multiplying function similar to
those of the multipliers 51k and 52% shown in FIG. 8. In
the apparatus shown in FIG. 23, therefore, electric
power P, . .., P, is separately supplied to the radiant
heat sources 2a, . . ., 2n, respectively.

A characteristic part of the eighth embodiment can
be generalized as shown in FIG. 24. Referring to FIG.
24, a first power control signal Aj supplied by an arbi-
trary circuit is summed with a second power control
signal A3 obtained for the purpose of heating a radiant
heat source 2 itself, to produce a third power control
signal A4. The first power control signal A| may be the
control output for a feedback control loop, as shown in
FIGS. 22 and 23, or a feedforward control loop. Fur-
ther, the respective embodiments as hereinabove de-
scribed employ halogen lamps as the radiant heat
sources 2, and hence the second power control signal
Az is proportional to the electric power required for the
heating filaments (resistors of the halogen lamps).

FIGS. 25A to 25D illustrate waveforms of respective
signals generated by the embodiment shown in FI1G. 24.
F1G. 25E depicts the time change of radiant energy W
from the radiant heat source 2 in a case with directly
outputting of the first power control signal Aj to the
power supply unit 116, as in the conventional apparatus.
FIG. 25F depicts the time change of radiant energy W
in the embodiment shown in FIG. 24. As is obvious
from FIG. 25E, the actual radiant energy Wi rises but
with a lag to the time change of radiant energy Wy set
by an operator in the conventional apparatus, due to the
thermal capacity of the radiant heat source 2 itself.
According to the eighth embodiment of the present
invention, on the other hand, the first power control
signal A1 (FIG. 25A) and the second power control
signal (FIG. 25C) are summed to produce the third
power control signal A4 (FIG. 25D). The second con-
trol signal A3 is at a high level in the vicinity of a heat-
ing start time tg and gradually attenuates with the lapse
of the time t. Thus, insufficiency of the radiant energy 1s
compensated for in the vicinity of the heating start time,
and the radiant energy W3 is increased in correspon-
dence with the increase of the radiant energy Wy set by
the operator (see FIG. 25F).

FI1G. 26 illustrates actual data of temperature change
and electric power change in the eighth embodiment.
As is obvious from a comparison of FIG. 26 with FIG.
27 which shows actual data in the conventional appara-
tus, the temperature response of the wafer 1 1s remark-
ably improved 1n the eighth embodiment.

K. Ninth Embodiment

FIG. 28 is a partial block diagram showing a ninth
embodiment of the present invention. FIGS. 29A to
29D illustrate waveforms of respective signals in the
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ninth embodiment. The ninth embodiment provides a
temperature control signal Sy proportional to the N-th
root of radiant energy W. The temperature control
signal St is raised to the N-th power by the N-times
‘multiplier 141, to obtain a first power control signal As.
Further, the temperature control signal Sz is time-dif-
ferentiated at differentiator 142 to obtain a second
power control signal Ag. The first and second power
control signals As and Ag are composed by an addition
in an adder 143, to obtain a third power control signal
A7 which is supplied to a power supply unit 116.

While the apparatus shown in FIG. 24 is supplied
with the power control signal A as its input, the appa-
ratus shown in F1G. 28 is supplied with the temperature
control signal S7. However, so far as the temperature
control signal St corresponding to the N-th root of the
power control signals A is supplied, these apparatuses
are substantially equivalent to each other and perform
power supply adjustments corresponding to the expres-
sion (15). In other words, the apparatuses of FIGS. 24
and FIG. 28 are different each other only in their re-
spective order of signal processing.

L. Advantages of the Embodiments

The various embodiments of the present invention as
hereinabove described have the following advantages:

Power supply adjustment is performed on the basis of
the relation between the value of the radiant energy
from the radiant heat sources and the temperature of the
object to be heated, thereby to improve responsiveness
and correctness in the temperature control of the ob-
ject. The responsiveness is further improved in the first
to third embodiments, since the present invention is
applied to a control apparatus including the feedfor-
ward control system which i1s highly responsive. How-
ever, the fourth to seventh embodiments formed by the
feedback control systems also have similar advantages.

In addition, correction through the constantis a and 8
is performed on the control signal, thereby eliminating
error in the course of heating the object from a finite
temperature. Also the influence of the thermal capacity
of the radiant heat sources can be eliminated by com-
pensating for the quantity of heat required for heating
the radiant heat sources themselves.

M. Modification

Although a solid such as a wafer is merely heated in
the embodiments hereinabove described, the present
invention can be applied to an apparatus for heating a
solid to melt the same. In this case, the electric power to
be supplied may be increased at the melting point by an
amount corresponding to the latent heat of melting.

The present invention is applicable not only to radi-
ant heat sources radiating electromagnetic waves in an
optical region such as the aforementioned halogen
lamps, but also to other heat sources for heating an
object, e.g., by microwaves. In such a case, a relation-
ship between the electric power supplied to a micro-
wave oscillator and the temperature of the object is
obtained, to form a control system on the basis of the
relationship.

Further, the present invention is applicable not only
to heat treatment of an object, but to temperature fixing
of an object under several treatments e.g., a chemical
treatment. For example, the present invention can be
applied to temperature control in a thermostatic vessel.
Needless to say, the circuits in the embodiments may be
constructed by high-speed computers.
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Although the present invention has been described
and illustrated in detatl, it should be clearly understood
that the same is by way of illustration and example only
and is not {0 be taken by way of limitation, the spirit and
scope of the present invention being limited only by the
terms of the appended claims.

What is claimed is: |

1. A temperature control method for controlling the
supply of electric power from an electric power supply
means to radiant heater means, to heat an object by
radiant heat generated from said radiant heater means,
thereby to control the instantaneous temperature @ of
said object to follow a prescribed instantaneous target
temperature level T, over time t, said temperature con-
trol method comprising the steps of:

obtaining a relationship between electric power P

supplied to said radiant heater means and an instan-
taneous temperature € of said object, on the basis of
Stefan-Boltzmann’s law with respect to tempera-
ture and radiant energy, according to U=06%,
wherein U is the radiant energy per unit area of a
black body, @ is the absolute temperature of said
black body and o is a constant, and approximating
0 by Ty;

generating a temperature control signal reponsive to

said prescribed target temperature level,;
converting saild temperature control signal into a
power control signal for controlling said electric
power supplied to said radiant heater means, using
a conversion rule determined in accordance with
~ said relationship; and -

supplying said electric power from said power supply
means to said radiant heater means on the basis of
said power supply signal, thereby to controllably
heat said object by said radiant energy from said
radiant heater means. |

2. A temperature conirol method in accordance with
claim 1, wherein: |

said conversion step includes the step of mathemati-

~cally raising a value of said temperature control
- signal by an exponential power.

3. A temperature control method in accordance with

- claim 2, wherein:
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-said raising to an exponent step is performed after
adding a prescribed first constant to said tempera-
ture control signal; and

sald power control signal is obtained by subtracting a
prescribed second constant from the result of said
raising to an exponent step.

4. A temperature control method in accordance with

claim 1, wherein: |
sald temperature control signal includes a feedfor-
ward of an open loop control signal having a time-
differential component of said target temperature.

5. A temperature control method in accordance with

claim 1, further comprising the step of:

detecting the actual temperature of said object at a
surface of said object or in the vicinity thereof’ and

sald temperature control signal includes a feedback
control signal responsive to difference between
said target temperature and said actual temperature
of said object.

6. A temperature control method in accordance with

claim 1, wherein:

said conversion step includes a step of correcting said
power control signal in response to a temperature
change of said radiant heater means, to supply a
correction, performed by adding a signal propor-
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tional to a time-differentiation of a root of said
power control signal, to ensure that a corrected
power control signal is provided to said power
supply means.

7. A temperature control apparatus, for heating an
object so as to control the temperature of said object to
follow a prescribed target temperature level, said tem-
perature control apparatus comprising:

temperature control signal generator means for gen-

erating a temperature control signal responsive to
said target temperature;

radiant heater means for heating said object by radi-

ant energy;

power supply means for supplying electric power to

said radiant heater means;

signal conversion means for converting satd tempera-

ture control signal into a power control signal for
controlling electric power to be supplied to said
radiant heater means by using a conversion rule
obtained in accordance with a relationship between
electric power supplied to said radiant heater
means and the temperature of said object, said
relationship being determined on the basis of Ste-
fan-Boltzmann’s law with respect to the absolute
temperature of and radiant energy radiated by a
black body according to U= ¢804, wherein U is the
radiant energy per unit area of a black body, € is
the absolute temperature of said black body and o
is a constant; and

transmission means for transmitting said power con-

trol signal to said power supply means.

8. A temperature control apparatus in accordance
with claim 7, wherein:

said conversion means includes means for mathemati-

cally raising a value of said temperature control
signal by an exponential power.

9. A temperature control apparatus in accordance
with claim 8, wherein:

said conversion means includes

(a) adder means for adding a first predetermined con-

stant a to said temperature control signal,

(b) means for raising an output of said adder means to

an exponent, and

(c) subtractor means for subtracting a second prede-

termined constant 8 from an output of said power
raising means.

10. A temperature control apparatus in accordance
with claim 7, wherein:

said temperature control signal generator means in-

cludes means for providing feedforward of an open
loop control signal having a time-differential com-
ponent of said target temperature.

11. A temperature control apparatus in accordance
with claim 7, further comprising:

temperature detector means for detecting the temper-

ature of said object, provided on the surface of said
object or in the vicinity thereof; and

wherein said temperature control signal generator

means includes a feedback control circuit to gener-
ate a feedback control signal responsive to a differ-
ence between said target temperature and an actual
temperature of said object detected by said temper-
ature detector means.

12. A temperature control apparatus in accordance
with claim 7, wherein:

said signal conversion means includes correction

means for correcting said power control signal in
response to a temperature change of said radiant
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heater means itself to generate a corrected power

control signal.

13. A temperature control apparatus in accordance
with claim 12, wherein:

said correction means includes means for obtaining a

root signal corresponding to an exponential power
less than 1.0 of said power control signal, differenti-
ator means for time-differentiating said root signal,
and adder means for summing said power control
signal with a signal proportional to an output of
said differentiator means to thereby generate said
corrected power control signal.

14. A temperature control method for supplying elec-
tric power from electric power supply means to radiant
heater means to heat an object by radiant energy gener-
ated from said radiant heater means to thereby control
the temperature of said object to follow a prescribed
target temperature level, said temperature control
method comprising the steps of:

generating a first power control signal indicating an

electric power value required to generate said radi-
ant energy at a rate related to said target tempera-
ture of said object through Stefan-Boltzmann’s law
U=064 wherein U is the radiant energy radiated
per unit area of a black body, € is the absolute
temperature of the radiating black body and o 1s a
constant;

generating a second power control signal responsive

to a temperature change of said radiant heater
means 1tself;

composing said first and second power control sig-

nals to generate a third power control signal for
controlling electric power to be supphlied to said
radiant heater means; and

supplying said electric power from said power supply

means to said radiant heater means on the basis of
said third power supply signal, thereby to heat said
object by radiant energy from said radiant heater
means.

15. A temperature control method in accordance
with claim 14, wherein:

satd second power control signal is proportional to a

time differentiation of a root of said first power
control signal.

16. A temperature control method in accordance
with claim 14, wherein:

said first power control signal 1s obtained by raising

to an exponent a temperature control signal indi-
cating the temperature of satd object, and

said second power control signal is proportional to a

time differentiation of said temperature control
signal. |

17. A temperature control apparatus for heating an
object to control the temperature of said object to fol-
low a prescribed target temperature level, said tempera-
ture control apparatus comprising:

radiant heater means for heating said object by radi-

ant energy;

power supply means for supplying electric power to

said radiant heater means;

first power control signal generator means for gener-

ating a first power control signal indicating an
electric power value required to generate said radi-
ant energy at a rate related to said target tempera-
ture of said object through Stefan-Boltzmann’s law
U=064 wherein U is the radiant energy radiated
per unit area of a black body, 6 is the absolute



21

temperature of the radiating black body and o 1s a

constant;
second power control signal generator means for

generating a second power control signal respon-
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said second power control signal is proportional to a
time differentiation of a root of said first power

control signal.
- 19. A temperature control apparatus in accordance

sive to a temperature change of said radiant heater 5 with claim 17, wherein:

means itself; |

composer means for composing said first and second
power control signals to generate a third power
control signal for controlling electric power to be
supplied to said radiant heater means; and

transmission means for transmitting said third power
supply signal to said power supply means.

18. A temperature control apparatus in accordance

with claim 17, wherein:
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said first power control signal generator means is
adapted to obtain said first power control signal by
raising to an exponent a temperature control signal
indicating the temperature of said object; and

said second power control signal generator means is
adapted to generate said second power control
signal on the basis of a time differentiation of said

temperature control signal.
£ % %X X X
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